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ABSTRACT Enterovirus 71 (EV71) infection is generally associated with hand-foot-
and-mouth disease (HFMD) and may cause severe neurological disorders and even
death. An effective murine oral infection model for studying the pathogenesis of
various clinical EV71 isolates is lacking. We developed a transgenic (Tg) mouse that
expresses an EV71 receptor, that is, human scavenger receptor class B member 2
(hSCARB2), in a pattern highly similar to that of endogenous murine SCARB2
(mSCARB2) protein. A FLAG-tagged SCARB2 cDNA fragment composed of exons 3 to
12 was inserted into a murine Scarb2 gene-containing bacterial artificial chromo-
some (BAC) clone, and the resulting transgene was used for establishment of chime-
ric receptor-expressing Tg mice. Tg mice intragastrically (i.g.) infected with clinical
isolates of EV71 showed neurological symptoms, such as ataxia and paralysis, and fa-
tality. There was an age-dependent decrease in susceptibility to viral infection. Path-
ological characteristics of the infected Tg mice resembled those of encephalomyelitis
in human patients. Viral infection was accompanied by microglial activation. Clodro-
nate treatment of the brain slices from Tg mice enhanced viral replication, while li-
popolysaccharide treatment significantly inhibited it, suggesting an antiviral role for
microglia during EV71 infection. Taken together, this Tg mouse provides a model
that closely mimics natural infection for studying EV71 pathogenesis and for evaluat-
ing the efficacy of vaccines or other antiviral drugs.

IMPORTANCE The availability of a murine model of EV71 infection is beneficial for
the understanding of pathogenic mechanisms and the development and assessment
of vaccines and antiviral drugs. However, the lack of a murine oral infection model
thwarted the study of pathogenesis induced by clinically relevant EV71 strains that
are transmitted via the oral-oral or oral-fecal route. Our Tg mice could be intragastri-
cally infected with clinically relevant EV71 strains in an efficient way and developed
neurological symptoms and pathological changes strikingly resembling those of human
infection. Moreover, these mice showed an age-dependent change in susceptibility that
is similar to the human case. This Tg mouse, when combined with the use of other ge-
netically modified mice, potentially contributes to studying the relationship between de-
velopmental changes in immunity and susceptibility to virus.
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Enterovirus 71 (EV71), a single-positive-strand RNA virus, is taxonomically classified
as human enterovirus species A of the genus Enterovirus of the family Picornaviridae.

It consists of a core of positive-sense single-stranded RNA surrounded by an icosahedral
capsid. The capsid is composed of 60 protomers, each of which is made up of four
structural proteins, namely, VP1, VP2, VP3, and VP4. EV71 and another enterovirus,
coxsackievirus A16 (CVA16), are common etiological agents of hand-foot-and-mouth
disease (HFMD) and are transmitted predominantly from feces, saliva, or respiratory
droplets of infected individuals to others via the fecal-oral or oral-oral route (1). The
disease is generally self-limiting and is characterized by a mild fever with ulcers in the
oral cavity, a papulovesicular rash on extremities, and herpangina. A few patients
develop severe neurological manifestations, such as encephalitis, aseptic meningitis,
and acute flaccid paralysis, and cardiopulmonary symptoms. HFMD became an en-
demic health problem in Asia-Pacific countries, including Taiwan, Malaysia, Singapore,
Hong Kong, South Korea, and Japan (1, 2). The largest epidemic to date occurred in
China. Nearly 489,000 cases and a mortality rate of 0.026% were reported in 2008 (3).
A total of 3 million cases and about 1,500 deaths have been reported (4, 5).

A number of cellular receptors for EV71 have been identified. These include human
scavenger receptor class B2 (hSCARB2) (6), P-selectin glycoprotein ligand 1 (PSGL1) (7),
annexin II (8), and nucleolin (9). SCARB2 is a type III glycoprotein localized to the
membrane of late endosomes and lysosomes and consists of a large domain projecting
into the lumen and a short cytoplasmic domain. Being an abundant lysosomal protein,
SCARB2 is involved in membrane trafficking and reorganization of the endosome and
lysosome (10). Exogenous expression of hSCARB2 mediated infection of L929 cells with
all EV71 strains tested (11), while murine SCARB2 (mSCARB2) was 40 to 100 times less
efficient in doing so (12). The hSCARB2 protein and its mouse counterpart share over
85% identity and 99% similarity in amino acid sequence. A domain swapping study
pinpointed that the amino acid stretch (amino acids 142 to 204) encoded by SCARB2
exon 4 is critical for virion binding.

Proper animal models are required for studying the pathogenic mechanism of EV71
and for testing the efficacy of vaccines and antiviral pharmaceuticals. Nonhuman
primates, such as rhesus, cynomolgus, and African green monkeys, developed neuro-
logical symptoms upon EV71 infection (13–17). Although these monkeys can ade-
quately model the neurological complications of human infection, it is difficult to use
them owing to ethical issues and the high cost of maintenance. Moreover, the lack of
genetically modified monkeys hampered the study of the pathogenic mechanism
through a genetic approach. The mouse became an attractive alternative for develop-
ment of an EV71 infection model. Different strategies, such as neonatal mouse infec-
tion, inoculation with mouse-adapted virus, and the use of immunodeficient genetically
modified mice, have been employed to develop infection models. Yu et al. successfully
infected neonatal ICR mice at an age of up to 3 days with TW/4643/98 virus via the
intraperitoneal (i.p.) route (18). It is relatively difficult to handle suckling mice. There
appears to be an age-dependent change in viral susceptibility. Mice aged �14 days are
normally resistant to experimental viral infection (19). The virus has been adapted in
mice to facilitate its oral inoculation (19, 20). Wang et al. reported that 7-day-old ICR
mice orally infected with mouse-adapted strain MP4 succumbed to poliomyelitis-like
paralysis and death (19). Using another mouse-adapted strain, MAVS, Ong et al. showed
that 1 out of 10 orally infected 2-week-old mice had paralytic symptoms (20). However,
the mouse-adapted viruses are different in sequence composition from their parental
strain (19) and, depending on the adaptation method, display tropism for particular
mouse tissues (19, 21). These differences may distort our understanding of the patho-
genic mechanism of clinically relevant strains. Other research groups have resorted to
the use of immunodeficient mice for the establishment of mouse infection models.
NOD/SCID mice that had been intracerebrally (i.c.), intraperitoneally, or intragastrically
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(i.g.) infected developed skin rash and paralytic symptoms and were destined to die (22,
23). Additionally, AG129 mice lacking interferon alpha/beta (IFN-�/�) and interferon
gamma receptors were susceptible to oral and i.p. EV71 infections up to the age of
2 weeks (24). stat-1 knockout mice defective in interferon signaling developed paralysis
after intraperitoneal virus inoculation (22). The use of immunodeficient mice obscures
the roles of immunity in the pathogenesis of EV71 infection.

The discovery of EV71 receptors prompted researchers to derive receptor transgenic
(Tg) mice for establishment of an infection model. A transgenic mouse that expresses
hSCARB2 from the EF-1� promoter developed paralytic symptoms after subcutaneous
injection of virus (25). Fujii et al. used a human SCARB2 gene-containing bacterial
artificial chromosome (BAC) to generate a transgenic mouse line (26). Three-week-old
transgenic mice were susceptible to EV71 infection via the i.c., intravenous (i.v.), and i.p.
routes. A high percentage of the infected mice had neurological symptoms and died.
Only 1/20 transgenic mice could be successfully infected with the Isehara (genotype C)
strain via the i.g. route. The low susceptibility of these mice to oral infection prompted
us to develop a new oral EV71 infection model.

In the present study, we established a BAC Tg mouse strain that expresses a chimeric
mSCARB2/hSCARB2 receptor. Tg mice at ages of up to 3 weeks are susceptible to
intragastric infection with a clinically relevant EV71 strain. The infected mice develop
neuropathology and symptoms, such as ataxia and limb paralysis, and even die.
Microglial proliferation, as evident by increased immunohistochemical (IHC) staining for
the microglial activation marker Iba1, serves as an antiviral immune response. Polar-
ization of microglia toward an M1 phenotype promotes antiviral immunity. The present
model simulates the natural route of EV71 infection and is useful for studying its
pathogenesis and for pharmacological evaluation of antiviral drugs or vaccines.

RESULTS
Generation of a Tg mouse that expresses the mSCARB2/hSCARB2 chimeric

receptor. To construct the recombinant BAC, we inserted a human SCARB2 cDNA
fragment in the mouse BAC in such a way that the genomic sequence of the Scarb2
gene up to exon 3 was fused in-frame with the human cDNA sequence (Fig. 1A). This
recombinant BAC is supposed to drive the expression of a FLAG-tagged chimeric
receptor and was used for the generation of a BAC transgenic mouse. Four founder
mice [C57BL/6J-Tg(Scarb2-SCARB2)] were obtained. Genomic DNA was isolated from
these mice for genotyping. A PCR product of the expected size was amplified from the
genomic DNA of Tg mice but not from that of non-Tg mice (Fig. 1A). Hemizygous
C57BL/6J-Tg(Scarb2-SCARB2)3 mice, designated Tg3 mice, were used throughout the
present study. Similar findings were obtained for the mice of another founder line, Tg1
mice.

Expression profile of the mSCARB2/hSCARB2 chimeric protein in Tg mouse. To
examine the expression of the mSCARB2/hSCARB2 chimeric protein across different
tissues, we prepared tissue homogenates and performed Western blotting with an
anti-hSCARB2 antibody (Fig. 1B, top) or an anti-FLAG antibody (Fig. 1B, middle). The
anti-hSCARB2 antibody used binds more specifically to human than mouse protein. The
immunoblot with anti-hSCARB2 antibody showed that the chimeric protein was ex-
pressed in Tg mice. In a similar fashion, anti-FLAG antibody detected the chimeric
protein, which was similar in size to the endogenous protein (i.e., that of non-Tg mice)
cross-reactive with anti-hSCARB2 antibody. It was highly expressed in tissues such as
liver, spleen, lung, stomach, duodenum, jejunum, ileum, and colon and was expressed
to a lesser extent in heart, cerebrum, cerebellum, and spinal cord (Fig. 1). The expres-
sion pattern of the chimeric receptor is similar to that of the endogenous protein (Fig.
1B, bottom). The only exception is that the levels of the anti-FLAG antibody-detectable
protein in the duodenum and jejunum were low, presumably owing to the presence of
FLAG tag-cleaving enterokinase in these tissues. Consistent with the immunoblotting
results, IHC analysis revealed that the mSCARB2/hSCARB2 chimeric protein was specif-
ically expressed in Tg mice. The chimeric protein was expressed to a relatively high level
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FIG 1 Expression of mSCARB2/hSCARB2 in Scarb2-SCARB2 BAC Tg mice. (A) Schematic diagram showing the construction of the recombinant
BAC. The RP23-228N3 clone is shown at the top. The genomic sequence spanning from exon 3 to exon 12 was replaced with the

(Continued on next page)
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in different parts of the central nervous system (CNS). Apparently, neurons expressed
more chimeric protein than did glial cells or endothelial cells. Additionally, the protein
was expressed in various sections of the digestive tract. Epithelial cells and smooth
muscle cells were distinctly stained in these sections. Moreover, the chimeric protein
was found in muscle, liver, thymus, mesenteric lymph nodes, and spleen (Fig. 1C).

Increased susceptibility of Tg mice to EV71 infection via the intragastric route.
To examine whether Tg mice are susceptible to EV71 infection, we inoculated the Tg
mice and their non-Tg littermates with the clinically relevant viruses via different routes.
The Tg mice, which were inoculated i.g. with EV71/TW/4643/98 (EV71-4643) at 108 PFU,
showed ataxia, limb paralysis, and death (Fig. 2A and B; see also Movies S1 to S3 in the
supplemental material). Non-Tg mice were resistant to EV71 infection, as no neurolog-
ical symptom was observed in infected non-Tg mice (data not shown). Similar findings
were obtained with other clinically relevant strains, EV71/TW/1743/98 (EV71-1743) and
EV71 Fuyang (EV71-Fy) (Fig. 2I to K). It appeared that the clinical severity and survival
of orally infected mice were dependent on the inoculum dose of the virus. A reduction
in the inoculum dose led to abatement of clinical symptoms and to enhanced survival
(Fig. 2C and D). Age can be an important determinant of susceptibility to virus. The
susceptibility of Tg mice to oral infection decreased with their age, and Tg mice at the
age of 28 days were refractory to infection (Fig. 2E to G). Tg mice were susceptible to
infection via the i.p. and i.c. routes. Infection of Tg mice with the virus at 106 PFU via
the i.p. route resulted in the development of neurological symptoms and death (Fig. 2M
and N). An inoculum dose-dependent effect was also observed (Fig. 2M to P). Tg mice
at the age of 1 year succumbed to infection via the i.c. route of inoculation (Fig. 2H and
L). Consistent with the previous finding that CVA16 uses hSCARB2 for host cell entry (6),
the Tg mice developed neurological symptoms and even died after intragastric infec-
tion with CVA16 at the ages of 14 and 21 days (Fig. 2Q to S).

EV71 replication in various tissues of Tg mice. To study the sites of EV71
replication in Tg mice, we inoculated 2-week-old Tg mice and non-Tg littermates via the
i.g. route and employed IHC analysis to detect EV71 VP2 protein in their tissues. For the
Tg mice that displayed neurological symptoms, VP2 protein was expressed in CNS
tissues such as cerebral cortex, hippocampus, cerebellum, medulla, pons, and thoracic
spinal cord (Fig. 3A). Additionally, VP2 was detected in skeletal muscle, albeit to a lesser
extent, in the majority of hind-limb-paralyzed mice. However, the skeletal muscle of
moribund mice was strongly positive for VP2. Interestingly, VP2 was detected in the
paw of a few infected mice. No VP2 protein was expressed in tissues of non-Tg mice
(data not shown), and the tissues were histologically normal (data not shown). Close
examination of hematoxylin and eosin (H&E)-stained sections revealed focal neuronal
necrosis and cell loss in hippocampal Ammon’s horn (cornu ammonis [CA]), in particular
CA2 and CA3. The neuronal loss became more severe in areas of the inferior colliculus.
There was focal infiltration of microglia adjacent to degenerating or dying neurons,
suggesting the occurrence of neuronophagia. Sections through the midbrain at the
level of the inferior colliculus and through the pons showed more extensive neuronal
loss in the pons than in hippocampal CA2 (Fig. 3A). Neuropil vacuolization in these
areas was observed. Neuronal shrinkage, nuclear fragmentation, and the appearance of

FIG 1 Legend (Continued)
corresponding part of human SCARB2 cDNA that carries a FLAG tag-coding sequence. The resulting clone carrying the humanized Scarb2
transgene is displayed at the bottom. PCR genotyping of the Tg mice is also shown. Genomic DNAs isolated from Tg3 and non-Tg mice were
subjected to PCR genotyping as described in Materials and Methods. The amplified product for the Tg sample is 1,511 bp long. NTC,
no-template control. (B) Tissue distribution of the mSCARB2/hSCARB2 chimeric protein in Tg mice. (Top and middle) Tg and non-Tg mice were
sacrificed, and cerebrum, cerebellum, spinal cord, heart, liver, spleen, lung, stomach, duodenum, jejunum, ileum, colon, kidney, and skeletal
muscle were harvested for Western blotting with anti-hSCARB2 (top) and anti-FLAG (middle) antibodies. It should be noted that the
anti-hSCARB2 antibody is known to cross-react with the murine endogenous protein. (Bottom) The immunoblot membrane shown in the top
panel was stripped and reprobed with anti-SCARB2 antibody, which can react with both murine and human proteins. A representative result
out of three experiments is shown. (C) IHC analysis of expression of the chimeric protein in Tg mice. Cerebral cortex, hippocampus,
hypothalamus, medulla, thoracic spinal cord, stomach, duodenum, jejunum, ileum, colon, liver, spleen, skeletal muscle, thymus, and
mesenteric lymph nodes were collected from the Tg mice; paraffinized; sectioned for immunohistochemical staining with the anti-hSCARB2
antibody; and counterstained with hematoxylin. Original magnification, �200. A representative result out of three experiments is shown.
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FIG 2 Tg mice are susceptible to oral EV71 and CVA16 infection. (A to P) Tg mice were infected with EV71 under different conditions, such as viral doses (A
to D), mouse ages (E, B, F, and G), clinical isolates (I, B, J, and K), and inoculation routes (intraperitoneal [i.p.] route [M to P] and intracerebral [i.c.] route [H and
L]). Survival curves (A, E, H, I, and M) and neurological signs (B to D, F, G, J to L, and N to P) are shown. For the charts showing neurological signs, the numbers
alongside the ordinate axis refer to the identification numbers of mice within the particular experimental group. (A to D) For testing the effect of viral dosage
(A), Tg mice were intragastrically (i.g.) infected with 1 � 106 PFU (D), 1 � 107 PFU (C), or 1 � 108 PFU (B) of the EV71-4643 strain at the age of 14 days. (E to
G) Tg mice were i.g. infected with 1 � 108 PFU of the EV71-4643 strain (E) at the age of 14 days (B), 21 days (F), or 28 days (G). (H and L) Tg mice were i.c. infected
with 1 � 106 PFU of the EV71-4643 strain at the age of 1 year. (I to K) Tg mice were i.g. infected (I) with 1 � 108 PFU of the EV71-4643 (B), EV71-1743 (J), or
EV71-Fy (K) strain at the age of 14 days. (M to P) Tg mice were intraperitoneally (i.p.) infected (M) with 1 � 104 PFU (P), 1 � 105 PFU (O), or 1 � 106 PFU (N) of

(Continued on next page)
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eosinophilic cytoplasm were observed among the ventral motor neurons of the tho-
racic spinal cord. The dorsal sensory neurons were affected to a lesser extent. The
severity of the spinal cord lesions was aggravated in moribund mice. Mild focal
neuronophagia occurred in the vicinity of dying neurons. For most of the infected mice,
there were focal areas of necrosis in skeletal muscle. Apart from these regions, the
sarcomere structure of the muscle fibers was largely intact. Myocytolysis and necrosis
occurred in the skeletal muscle of moribund mice. Histologically, this was characterized
by sarcoplasmic fragmentation, granular degeneration, and loss of striation. At the
hind-limb paw, there were focal peridigital necrotic areas with accumulation of eosi-
nophilic amorphous materials. Necrotic sarcoplasmic debris was also present nearby
(Fig. 3A).

To validate viral replication in tissues of infected Tg mice, we inoculated 2-week-old
Tg and non-Tg mice via the i.g. route; harvested various tissues on days 3, 5, and 7 after
infection, and quantified the virus. EV71 was detected in portions of gastrointestinal (GI)
tract, including stomach, anterior and posterior small intestine, and colon, in Tg and
non-Tg mice on day 3 postinfection (p.i.) (Fig. 3B). For the infected non-Tg mice, the
virus was not detectable afterward, suggesting that intragastrically delivered virus may
remain stable within the GI tract for only a few days after inoculation and be cleared
later. For the infected Tg mice, the EV71 titer decreased significantly in stomach and
colon on day 5 p.i. but increased again on day 7 p.i. (Fig. 3B). The EV71 titer in small
intestine remained elevated for the rest of the study period (Fig. 3B). The virus became
detectable in the brains and spinal cords of infected Tg mice on day 5 p.i., and the viral
titer increased further thereafter (Fig. 3B). On the contrary, it could not be detected in
the same tissues of non-Tg mice throughout the study period. EV71 could be detected
in skeletal muscle of some infected Tg mice (Fig. 3B). For other tissues, such as heart,
liver, spleen, and kidney, EV71 was undetectable in the infected Tg mice. Again, EV71
was not detected in the corresponding tissues of the non-Tg mice.

Increases in cytokines in the brains of EV71-infected Tg mice. Cytokines are
dysregulated in the CNS in EV71-infected patients, which is probably involved in viral
pathogenesis (27). We evaluated the changes in the expression of proinflammatory
cytokines in the brains of orally infected Tg mice. Tg and non-Tg mice were inoculated
i.g. with the virus, and brains were harvested from non-Tg mice, Tg mice with neuro-
logical symptoms (Tg/Symp), and Tg mice without such symptoms (Tg/No Symp) at 7
days p.i. RNA was extracted for reverse transcription-quantitative PCR (RT-qPCR) anal-
ysis of the transcripts of cytokines. As shown in Fig. 4, expression levels of genes
encoding interferon gamma (IFN-�), interleukin-1� (IL-1�), chemokine (C-X-C motif)
ligand 9 (CXCL9), CXCL10, chemokine (C-C motif) ligand 2 (CCL2), and IL-6 increased in
the Tg/Symp group but not in the Tg/No Symp and non-Tg groups. These findings
suggest that EV71 infection induces the expression of proinflammatory cytokines in the
brain.

Activation of microglia in the brains of EV71-infected Tg mice. Microglial
activation plays an important role in neuroinflammation (28). Ionized calcium binding
adaptor molecule 1 (Iba1) is considered a microglia-specific marker and is upregulated
in activated microglia (29). To examine whether microglia are activated in EV71-infected
Tg mice, we immunohistochemically detected Iba1 expression in brain sections col-
lected from Tg and non-Tg mice 6 days after intragastric inoculation with virus. The
microglia that were strongly Iba1 positive were widely distributed across the brainstem,
hypothalamus, hippocampus, and cerebral cortex of the infected Tg mice. These cells
took bushy and amoeboid forms characteristic of activated microglia (Fig. 5A). In
contrast, microglia in the same tissues of infected non-Tg mice were very weakly
stained for Iba1, and these cells took a ramified form (Fig. 5A). The “ramified” microglia

FIG 2 Legend (Continued)
the EV71-4643 strain at the age of 14 days. Survival rates and clinical symptoms were recorded daily for 18 consecutive days. (Q to S) Tg mice are also susceptible
to oral CVA16 infection. Tg mice were i.g. infected with 1 � 108 PFU of CVA16 at the ages of 14 days (Q and R) and 21 days (Q and S). Survival rates (Q) and
clinical symptoms (R and S) were recorded daily for 18 consecutive days.
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FIG 3 Replication of EV71 in orally infected Tg mice. (A) Histopathological changes and expression of EV71 VP2 protein
in infected mice. Two-week-old Tg mice were inoculated i.g. with the EV71-4643 strain and euthanized at 6 days

(Continued on next page)
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are considered to be in a resting state. These findings suggest that EV71 infection
causes widespread microglia activation. To further characterize microglia activation in
the infected Tg mice, we isolated microglia from brains of these mice. It was found that
the number of microglia in Tg mice was higher than those in non-Tg mice and Tg mice

FIG 3 Legend (Continued)
postinfection. (Left) Cerebral cortex, hippocampus, cerebellum, thoracic spinal cord, pons, medulla, skeletal muscle
(mice with hind-limb paralysis and moribund mice with complete paralysis), and hind-limb paw of Tg mice were
retrieved for sample processing, IHC staining with the anti-EV71 VP2 antibody, and hematoxylin counterstaining.
(Right) In parallel, sections were stained with H&E. Original magnification, �200. A representative result out of six
experiments is shown. (B) Viral titers in various parts of the CNS and GI tract and in skeletal muscle of infected mice.
Two-week-old Tg and non-Tg mice were infected i.g. with 1 � 108 PFU of the EV71-4643 strain and euthanized at the
indicated times. Brains and GI tracts were collected and dissected into parts, as indicated in the figure. The anterior small
intestine includes the duodenum and parts of the jejunum, while the posterior small intestine includes parts of the jejunum
and ileum. Viral titers were determined using a plaque-forming assay and are expressed as log PFU per gram of tissue. ns,
not significant; *, P � 0.05; **, P � 0.01 (versus non-Tg mice [by a Mann-Whitney test]).

FIG 4 Expression of proinflammatory cytokines in the brains of EV71-infected mice. Tg (n � 11) and non-Tg (n � 5) (circles) mice were infected i.g. with 1 � 108

PFU of the EV71-4643 strain at the age of 14 days and sacrificed at 7 days p.i. Tg mice were divided into mice without neurological symptoms (Tg/No Symp)
(squares) (n � 5) and those with symptoms (Tg/Symp) (triangles) (n � 6). Brains were isolated from these mice for total RNA extraction. Levels of Ifng, Il1b, Cxcl9,
Cxcl10, Ccl2, and Il6 mRNAs and of EV71 genomic RNA were determined by RT-qPCR. Data are expressed as fold changes relative to the levels in non-Tg mice.
ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (versus non-Tg mice [by a Kruskal-Wallis test with Dunn’s multiple-comparison test]).
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without any neurological symptoms (Tg/No Symp) (Fig. 5B). There was not any differ-
ence in microglial numbers between the latter two groups. Activated microglia can be
conventionally classified as classically activated (proinflammatory) M1 or alternatively
activated (anti-inflammatory) M2 cells (30). Nitric oxide synthase 2 (Nos2) and arginase
(Arg1) are markers of M1 and M2 cells (30). To test if microglia in the infected Tg mice
are polarized toward an M1 or M2 phenotype, we quantified the levels of Nos2 and Arg1
transcripts. Expression levels of both the Nos2 and Arg1 genes increased in microglia of
Tg/Symp mice but not in those of non-Tg mice (Fig. 5C and D). These findings suggest
that both M1 and M2 microglia are present in EV71-infected mice.

It is speculative whether microglial activation represents an antiviral response in the
infected Tg mice. To examine such a possibility, we treated the brain slices with
clodronate liposome to deplete microglia (31) and examined the effect of microglia
depletion on EV71 infection. The brains of Tg mice were sectioned into brain slices,
which were cultured with clodronate liposome for 48 h and infected with virus. The

FIG 5 Microglial activation in infected Tg mice. (A) IHC analysis of activated microglia in various parts of the brains of infected Tg mice. Two-week-old Tg and
non-Tg mice were inoculated i.g. with 1 � 108 PFU of the EV71-4643 strain and sacrificed at 6 days p.i. Brains were retrieved for sample processing, IHC staining
with the anti-Iba1 antibody, and hematoxylin counterstaining. Original magnification, �200. (B) Increases in microglia numbers in infected Tg mice with
symptoms. Tg and non-Tg (n � 6) (circles) mice were infected i.g. with 1 � 108 PFU of the EV71-4643 strain at the age of 14 days and sacrificed at 7 days p.i.
Tg mice were divided into mice without neurological symptoms (Tg/No Symp) (squares) (n � 5) and those with symptoms (Tg/Symp) (triangles) (n � 6). Brains
were isolated from these mice, and microglia were purified by Percoll gradient centrifugation. Microglia numbers were determined by hemocytometer counting.
ns, not significant; **, P � 0.01 (versus non-Tg mice [by a Kruskal-Wallis test with Dunn’s multiple-comparison test]). (C and D) Microglia in the Tg/Symp and
non-Tg groups were isolated as described above for panel B. Total RNA was purified and subjected to RT-qPCR analysis of the expression levels of the M1
activation marker Nos2 (C) and the M2 activation marker Arg1 (D). Data are expressed as fold changes relative to the value for non-Tg mice. **, P � 0.01 (versus
non-Tg mice [by a Mann-Whitney test]).
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brain slices were extracted at various time points for quantification of EV71 RNA (Fig.
6A). Downregulation of the Cd11b transcript was indicative of specific depletion of
microglia. Forty-eight-hour treatment of brain slices with clodronate liposome caused
a �70% reduction in Cd11b expression (Fig. 6B). This was associated with significant
increases in EV71 genomic RNA levels at 48 and 72 h p.i. (Fig. 6E). These findings
suggest that microglia may exert an antiviral effect against EV71 infection.

To study if M1 or M2 cells are involved in antiviral immunity, we preferentially
activated microglia to acquire the M1 or M2 phenotype and studied the consequence
for EV71 infection. Lipopolysaccharide (LPS) is known to activate microglia toward M1
cells (32, 33); IL-4 causes microglial polarization toward the M2 state (32). The brain
slices from Tg mice were treated with LPS or IL-4 and subsequently infected with virus.
EV71 genomic RNA was quantified at various time points after infection. Treatment with

FIG 6 Antiviral response of activated microglia. (A) Brain slices were prepared from Tg mice. The workflow of clodronate treatment of brain slices (left) and
induction of microglial polarization in these slices (right) is shown. (B and E) Twelve hours after brain slicing, the slices were treated with clodronate or control
liposome for 48 h prior to infection with 104 PFU of the EV71-4643 strain per slice (A, left). Cd11b mRNA (B) and EV71 genomic RNA (E) were quantified at the
indicated times p.i. by RT-qPCR. Data are expressed as fold changes relative to the value for control treatment. Data are means � SD (n � 6). ns, not significant;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001 (versus control treatment). (C, D, F, and G) Twelve hours after brain slicing, the slices were treated with IL-4 or LPS
for 12 h (A, right). (C and D) The change in the level of Arg1 (C) or Nos2 (D) mRNA in response to IL-4 (C) or LPS (D) treatment was determined using RT-qPCR.
(E and F) IL-4 (F)- and LPS (G)-treated brain slices were infected with 104 PFU of the EV71-4643 strain per slice, and the levels of EV71 genomic RNA were
quantified at the indicated times p.i. by RT-qPCR. Data are expressed as fold changes relative to the value for control treatment. Data are means � SD (n � 6).
ns, not significant; *, P � 0.05; ***, P � 0.001; ****, P � 0.0001 (versus control treatment [by two-way ANOVA with Sidak’s multiple-comparison test and by
Student’s t test]).
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IL-4 and LPS increased Arg1 and Nos2 transcripts, respectively (Fig. 6C and D), which
was consistent with the treatment-induced microglial polarization toward M2 and M1
states. LPS treatment but not IL-4 treatment significantly reduced the level of EV71
genomic RNA (Fig. 6F and G). These findings suggest that M1 microglia play an antiviral
role against EV71 replication.

To study if activated microglia are a source of cytokines in EV71-infected Tg mice, we
isolated microglia from orally infected Tg mice at 7 days p.i. and extracted RNA for
determination of the transcript levels of cytokines. As shown in Fig. 7, the expression
levels of Ifng, Il1b, Cxcl9, Cxcl10, Ccl2, and Il6 were significantly elevated in Tg/Symp
mice, compared to those in non-Tg and Tg/No Symp mice. The latter two groups did
not show any difference in the expression of these cytokines. These findings suggest
that EV71 infection activates microglia to upregulate their cytokine production. Addi-

FIG 7 Expression of proinflammatory cytokines in microglia from EV71-infected Tg mice. Two-week-old Tg and non-Tg (n � 6) (circles) mice were inoculated
i.g. with 1 � 108 PFU of the EV71-4643 strain and sacrificed at 7 days p.i. Tg mice were divided into mice without neurological symptoms (Tg/No Symp) (squares)
(n � 5) and those with symptoms (Tg/Symp) (triangles) (n � 6). Brains were isolated from these mice, and microglia were purified by Percoll gradient
centrifugation. Total RNA from microglia was purified for RT-qPCR analysis of the levels of Ifng, Il1b, Cxcl9, Cxcl10, Ccl2, and Il6 mRNAs and of EV71 genomic
RNA. Data are expressed as fold changes relative to the values for microglia from non-Tg mice. ns, not significant; **, P � 0.01; ***, P � 0.001 (versus non-Tg
mice [by a Kruskal-Wallis test with Dunn’s multiple-comparison test]).
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tionally, EV71 genomic RNA was detected exclusively in the microglia isolated from the
infected Tg mice with neurological symptoms (Fig. 7), implying that microglia are
susceptible to EV71 infection.

DISCUSSION

Here, we established a new transgenic mouse expressing a chimeric mSCARB2/
hSCARB2 protein, the expression of which conferred susceptibility to intragastric
infection with clinical EV71 strains of the B4, C2, and C4 genotypes. The infected
transgenic mice displayed neurological symptoms that resembled those associated
with severe cases of human infection (Fig. 2). Our model largely simulated the natural
route of EV71 infection and disease manifestation in patients. IHC staining for the EV71
protein VP2 and/or viral quantification assays revealed viral replication in CNS tissues
and the gastrointestinal tract (Fig. 3), which is suggestive of EV71 replication in various
tissues. Microglia were activated in the infected transgenic model, and M1 cells exerted
an antiviral effect against EV71 infection.

There are similarities in clinical features between human infection and our mouse
model. Tg mice that were infected with EV71 via the i.g., i.p., and i.c. routes developed
neurological symptoms. The neurovirulence of EV71 was associated with histopatho-
logic changes and the expression of VP2 protein in cerebral cortex, cerebellum,
brainstem, and spinal cord. Purkinje cells (in cerebellum) stained positive for VP2. These
neuropathological features were highly similar to those of deceased patients with
severe EV71 infection (34, 35) and to those of cynomolgus and rhesus monkeys (15, 36).
Another similarity to human infection is the route of viral transmission. EV71 is mainly
transmitted via the fecal-oral route (1). It is conceivable that EV71 infects and replicates
in the GI tract (37), passes into the bloodstream, and invades the CNS via the blood-
brain barrier, or it spreads to the CNS via retrograde axonal transport along peripheral
or cranial nerves (38, 39). Unlike other murine infection models (25, 26), our Tg mice are
highly susceptible to intragastric infection with EV71. A low level of EV71 replication
occurred in various parts of the GI tract (Fig. 3), consistent with the notion that the GI
tract may be a primary replication site.

Apparently, there are parallels between histopathological changes in skeletal muscle
between human infection and Tg mice. The skeletal muscle of a deceased EV71 patient
showed atrophic changes or focal necrosis (35), which is mild compared with the
muscle specimens from infected mice. The skeletal muscles of the neonatal mice that
had been intraperitoneally inoculated with EV71 displayed severe myositis and degen-
erative changes (35, 40). An EV71-infected NOD/SCID neonate had extensive degener-
ative changes in muscle, which showed focal areas of VP1 expression (22). The skeletal
muscles of our infected Tg mice were affected to a lesser extent than what was
observed in other mouse infection models (20, 25, 35, 40). The Tg mice with hind-limb
paralysis had focal areas of necrosis in skeletal muscle, and VP2 expression was
restricted to localized areas. EV71 replicated to a relatively low level in skeletal muscle,
compared with that in neural tissues. Only in expiring mice did skeletal muscle exhibit
severe degenerative changes. These findings suggest that the histopathological
changes in skeletal muscles of the infected Tg mice up to the stage of hind-limb
paralysis somewhat resemble those observed in EV71 patients. There are differences
between the Tg mouse model and human infection. The infected Tg mice did not show
a papulovesicular rash on extremities and oral ulcers, both of which are common
clinical features of EV71 infection. However, observed that EV71 replicated in the dermis
of the paw of a few mice.

Our finding implies the existence of an intricate mechanism that governs viral
susceptibility and tissue tropism. Another transgenic mouse that ubiquitously expresses
hSCARB2 under the control of the EF-1� promoter was susceptible to subcutaneous
EV71 inoculation up to the age of 2 weeks. Viral replication, as indicated by the level of
RNA, took place predominantly in muscle and skin and to a lesser extent in brainstem,
intestine, and spinal cord (25). Additionally, Liou et al. derived a transgenic mouse that
expresses hSCARB2 under the control of a SCARB2 promoter. The neonates of this
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transgenic line displayed low susceptibility to intraperitoneal viral inoculation (41).
Furthermore, Fujii et al. used a human SCARB2 gene-containing BAC to establish a
transgenic mouse, which could be effectively infected with the Isehara strain via the i.c.,
i.v., and i.p. routes (26). Nonetheless, this transgenic mouse was slightly susceptible to
i.g. inoculation. The predominant sites of viral replication included pons, medulla, spinal
cord, and skeletal muscle. In comparison, our Tg mice could be effectively infected via
all the routes tested, which are the i.g., i.p., and i.c. routes. EV71 replication was
detected in the CNS and, to a lesser extent, in various parts of the GI tract and skeletal
muscles. It is true that these transgenic lines as well as our Tg mouse express the
hSCARB2 protein (or protein part) that is essential for viral entry. Even so, these mice
exhibit different susceptibilities to EV71, and the EV71 replication sites vary among
these models. Moreover, the tissue expression pattern of hSCARB2 does not correlate
with tissue tropism. The expression level of the mSCARB2/hSCARB2 protein in Tg mice,
regulated in a way similar to that of endogenous protein, was high in tissues such as
heart, liver, and spleen. Despite this, EV71 did not efficiently infect and replicate in
these tissues. It is likely that other factors in addition to hSCARB2 determine viral
susceptibility and tissue tropism. Antiviral immunity, the availability of factors involved
in innate immunity, the expression of certain antiviral microRNAs (miRNAs), and the
presence of host factors essential for viral replication are among such determinants
(42). Moreover, the murine microbiota may affect viral susceptibility and severity of
infection (43).

Age is an important factor for human EV71 infection (44). Animal age appears to be
related to viral susceptibility (22, 24, 25). Tg mice up to the age of 3 weeks were
susceptible to oral EV71 infection. On the other hand, intracerebral inoculation still led
to successful infection up to the age of 1 year. Likewise, Fujii et al. reported that mice
transgenic for the SCARB2-containing BAC displayed susceptibility to viral inoculation
via the i.v. and i.p. routes up to the age of 2 weeks, while mice aged 18 weeks were
susceptible via the i.c. route (26). These findings suggest the presence of host factors
that restrict infection through the mucosa of the GI tract. Intestinal antiviral immunity
and epithelial tolerance are probably such factors and may change in an age-
dependent manner (45). Dynamic interactions between gut microbiota and mucosal
immunity may further shape antiviral immunity (46). However, there is much complex-
ity in this issue, as immunodeficient mice, for instance, AG129 mice and NOD/SCID
mice, showed age-dependent changes in their susceptibility to EV71 (22, 24). It remains
to be investigated what host factors determine the relationship between age and viral
susceptibility.

Another point is noteworthy. Although CVA16 is generally associated with mild
symptoms, it has been reported to cause neurological complications (47–49). Infected
Tg mice develop neurological symptoms after intragastric CVA16 infection and present
a model for neuropathogenesis associated with CVA16 infection.

Microglia act as a first line of defense against pathogens in the CNS and become
activated in response to tissue injury or infection (50). They are broadly classified into
proinflammatory M1 and alternatively activated M2 cells. M1-polarized microglia pro-
duce proinflammatory cytokines such as IL-1�, IL-6, and tumor necrosis factor alpha
(TNF-�); the chemokine CCL2; reactive oxygen species; and nitric oxide. M2-polarized
cells are anti-inflammatory in nature and express IL-10, transforming growth factor �,
and extracellular matrix. Both M1 and M2 microglia may be present in the brains of
infected Tg mice. Experimental depletion of microglia through clodronate treatment
enhanced EV71 replication. In contrast, LPS-induced M1 polarization was inhibitory to
EV71 replication. This is consistent with the increased expression of IL-1� and IFN-� in
activated microglia. Both of these cytokines play pivotal roles in antiviral immunity (51).
It is likely that activated M1 microglia exert an antiviral effect against EV71 infection.
The immune response, if dysregulated, can be pathogenic. The heightened activation
of microglia, together with the activation of astrocytes and neurons, may lead to a
cytokine storm, a term coined for temporary and spatially dysregulated cytokine
release. It has been postulated that inappropriately regulated cytokine secretion con-
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tributes to EV71-induced brainstem encephalitis (27). An alternative but nonexclusive
view is that reactive astrocytes may cause neurotoxicity (52). Activated microglia
secrete factors to induce the formation of neuroinflammatory A1 astrocytes (53), which
may release neurotoxic substances, such as reactive oxygen species and glutamate, and
even proinflammatory cytokines (54). Neurotoxic substances can reduce neuronal
activity and synaptic connectivity and cause death of neurons. Regardless of the
mechanisms, the widespread microglial activation in the CNS of EV71-infected Tg mice
may cause neural dysfunction.

In conclusion, we established a BAC transgenic mouse model of EV71 infection that
simulates the natural route of human EV71 infection. Our model provides an oppor-
tunity to study enteroviral pathogenesis, the host factors thereby involved, as well as
antiviral immunity. Moreover, this murine model can be applied for assessment of the
efficacies of EV71 vaccines and antiviral therapeutics.

MATERIALS AND METHODS
Cells and viruses. Human rhabdomyosarcoma (RD) cells (ATCC CCL-136) were cultured in Dulbecco’s

modified Eagle medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 0.1 mM nonessential amino acid (NEAA; Gibco), 100 U/ml
penicillin, and 0.1 mg/ml streptomycin, in a humidified atmosphere of 5% CO2 at 37°C. Three clinically
relevant EV71 strains, EV71/TW/4643/98 (EV71-4643) (C2 genogroup), EV71 Fuyang (EV71-Fy) (C4 geno-
group), and EV71/TW/1743/98 (EV71-1743) (B4 genogroup), were used in this study. These EV71 strains
and a clinical isolate of coxsackievirus A16 (CVA16) were propagated in RD cells as previously described
(55). The clinical isolate of CVA16 was kindly provided by the Chang Gung University Research Center for
Emerging Viral Infections (RCEVI).

Virus quantification. Virus titer was determined by a PFU assay as previously described (56). Briefly,
RD cells were seeded in 6-well plates, infected with serial dilutions of the virus suspension, overlaid with
0.3% agarose in DMEM containing 2% FBS, and incubated at 37°C for 3 days. After the formation of
plaques, the cell monolayer was fixed in 10% formalin and stained with 0.5% crystal violet. For titration
of virus in various tissues, mice were sacrificed at 3, 5, and 7 days postinfection, and the brain, spinal cord,
stomach, intestine, and colon were harvested. All tissue samples were weighed, frozen in liquid nitrogen,
and homogenized in DMEM at 4°C using a Precellys 24 tissue homogenizer and zirconium oxide beads
(Bertin Instruments, Montigny-le-Bretonneux, France).

Generation of Scarb2-SCARB2 BAC Tg mice. The Scarb2-SCARB2 BAC Tg mouse strain was gener-
ated by the genetically modified mouse production service of the National Laboratory Animal Center
(Taiwan). For preparation of the transgenic BAC clone, the mouse strain RP23-228N3 was acquired from
the Children’s Hospital Oakland Research Institute BACPAC Resources Center. A stretch of genomic
sequence spanning from exon 3 to exon 12 (between nucleotide [nt] 97847 and nt 115634) was replaced
with the corresponding human SCARB2 cDNA sequence that carries a FLAG tag-coding sequence at the
3= end using the Red/ET recombination technique (Gene Bridges, Heidelberg, Germany). Briefly, the
50-mer homology regions (HR) (black capital letters in Fig. 1A) flanking the replacement sites in exon 3
and exon 12 were attached to an rpsL-neo counterselection cassette by PCR, and the product was
electroporated into the BAC host that had been transformed with the Red/ET expression vector. This
allows replacement of the genomic sequence with the rpsL-neo fragment through homologous recom-
bination. Next, the human SCARB2 cDNA described above was attached with the same homology arms
and electroporated into the BAC host containing the correctly recombined BAC and the Red/ET
expression vector. This led to replacement of the counterselection cassette in the BAC through homol-
ogous recombination and creation of a humanized transgene (Fig. 1A). The detailed protocol is described
in the instruction manual for the counterselection BAC modification kit (Gene Bridges, Heidelberg,
Germany). The transgene-containing BAC was purified, PmeI digested, and subjected to pulsed-field gel
electrophoresis for isolation of the 107-kb transgene, which was used for pronuclear microinjection. The
zygotes were transplanted into pseudopregnant C57BL/6 female mice for generation of C57BL/6J-
Tg(Scarb2-SCARB2) mice.

Mouse genotyping. For screening of Tg mice, genomic DNA was extracted from mouse tail using an
EasyPrep genomic DNA extraction kit (Biotools, Taipei, Taiwan) for PCR analysis. Forward primer BAC-F
(5=-TTGTGGCTTAGCATCAGCAGC-3=) and reverse primer BAC-R (5=-TCACCCTGCTCATTTCCCTCTG-3=) were
used to amplify a 1,511-bp fragment of the transgene.

Infection of mice. C57BL/6J and Tg mice at the age of 2, 3, or 4 weeks were infected i.g. with the
indicated PFU of virus in 30 �l of DMEM. For i.c. and i.p. injections, the indicated PFU of virus in 1 �l and
30 �l of DMEM were injected, respectively. All mice were kept under observation for 18 consecutive days
unless they died or were sacrificed due to ethical concern. Body weight and clinical symptoms were
recorded daily, and the survival rate was calculated accordingly.

Ethics statement. Animal care and the animal experimental methods described in this study were
performed according to the national guide (63). They were approved by the Institutional Animal Care and
Use Committee (IACUC) of Chang Gung Memorial Hospital at Linkou (IACUC no. 2012101801 and
2015061103).

Western blot analysis. Expression levels of SCARB2 in different tissues of mice were analyzed by
Western blotting as previously described (57). Cerebrum, cerebellum, spinal cord, heart, liver, spleen,
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lung, stomach, duodenum, jejunum, ileum, colon, kidney, and skeletal muscle were harvested; snap-
frozen in liquid nitrogen; and stored at �80°C. Before analysis, the sample was homogenized in lysis
buffer (20 mM Tris-HCl [pH 8], 1% Triton X-100, 137 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 1 mM EGTA,
1 mM NaF, 1 mM Na3VO4, 10 mM �-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 1 �g/ml
leupeptin, 1 �g/ml aprotinin) at 4°C using a Precellys 24 tissue homogenizer and zirconium oxide beads.
The protein concentration in the homogenate was determined by a Bradford protein assay (Bio-Rad,
Hercules, CA, USA). The tissue homogenates were subjected to immunoblotting with a 1:3,000 dilution
of goat anti-SCARB2 antibody (catalog no. AF1966; R&D Systems, Minneapolis, MN, USA) or a 1:3,000
dilution of rabbit anti-FLAG antibody (catalog no. F7425; Sigma-Aldrich). For detection of mSCARB2, a
goat anti-SCARB2 antibody (catalog no. sc-25867; Santa Cruz Biotechnology, TX, USA) was used. This was
followed by incubation with a 1:10,000 dilution of horseradish peroxidase (HRP)-conjugated donkey
anti-goat antibody (catalog no. sc-2056; Santa Cruz Biotechnology, TX, USA) or with a 1:10,000 dilution
of HRP-conjugated goat anti-rabbit antibody (catalog no. sc-2004; Santa Cruz Biotechnology, TX, USA)
and detection with the ECL detection system. For membrane stripping and antibody reprobing, T-Pro
Western blot stripping reagent (catalog no. JB11-K002, T-Pro Biotechnology, Taiwan) was used according
to the manufacturer’s instructions. The image was captured by either exposure to X-ray film (Fujifilm
Super RX-N; Fujifilm Corporation, Tokyo, Japan) (Fig. 1B, top and middle) or the use of an Amersham
Imager 600 system (GE Healthcare Life Sciences, Marlborough, MA, USA) (Fig. 1B, bottom).

Histopathological analysis and immunohistochemical staining. Tissues were sectioned, fixed,
embedded in paraffin, sliced, and stained with hematoxylin and eosin by the pathology analysis service
of the National Laboratory Animal Center (Taiwan). Immunohistochemical staining was performed
according to the method of Liang et al. (58). Briefly, the paraffinized tissue sections were dewaxed in
xylene and rehydrated through immersion in alcohol of graded concentrations. Antigen was retrieved
using Trilogy (Cell Marque, Rocklin, CA, USA), and the endogenous peroxidase activity was quenched
with 3% H2O2 in methanol. After washing with Tris-buffered saline, the slides were incubated with a
1:1,000 dilution of mouse anti-EV71 (catalog no. MAB979; Millipore, Burlington, MA, USA), a 1:1,000
dilution of rabbit anti-hSCARB2 (catalog no. HPA018014; Sigma-Aldrich, St. Louis, MO, USA), or a 1:1,000
dilution of rabbit anti-Iba1 (catalog no. GTX101495; GeneTex, Irvine, CA, USA) antibody. After primary
antibody incubation, EV71 VP2 antigen was detected with the use of a mouse-on-mouse (M.O.M)
ImmPRESS HRP (peroxidase) polymer kit (catalog no. MP-2400; Vector Laboratories, Burlingame, CA, USA)
and an AEC (3-amino-9-ethyl-carbazole) peroxidase substrate kit (catalog no. SK-4200; Vector Laborato-
ries) according to the manufacturer’s instructions, hSCARB2 was detected with the use of an ImmPRESS
HRP anti-rabbit IgG (peroxidase) polymer detection kit (catalog no. SK-7401; Vector Laboratories) and an
AEC peroxidase substrate kit according to the manufacturer’s instructions, and Iba1 was detected using
an ImmPRESS HRP anti-rabbit IgG (peroxidase) polymer detection kit and a DAB (3,3=-diaminobenzidine)
peroxidase (HRP) substrate kit (catalog no. SK-4100; Vector Laboratories) according to the manufacturer’s
instructions. The slides were counterstained with GM hematoxylin stain (catalog no. 3008-1; Muto Pure
Chemical Co. Ltd., Tokyo, Japan), mounted with VectaMount AQ aqueous mounting medium (catalog no.
H-5501; Vector Laboratories), and examined microscopically.

Microglia isolation. Microglia were isolated from murine brain as described previously (59). In brief,
mice were euthanized by decapitation. Murine brain was isolated and minced in DMEM–F-12 medium
(catalog no. 12500-062; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 4.5 mg/ml
glucose, 100 U/ml penicillin, and 100 �g/ml streptomycin (catalog no. 15140-122; Thermo Fisher Scien-
tific, Waltham, MA, USA). The minced tissue was digested in the same medium, additionally containing
1 mg/ml papain (catalog no. P4762; Sigma-Aldrich), 20 U/ml DNase (catalog no. DN25; Sigma-Aldrich),
and 1.2 U/ml dispase II (catalog no. D4693; Sigma-Aldrich), at 37°C for 20 min. Enzymatic activity was
quenched with a neutralization medium (DMEM–F-12 medium supplemented with 10% fetal calf serum
[FCS], 4.5 mg/ml glucose, 100 U/ml penicillin, and 100 �g/ml streptomycin). The dissociated tissue was
centrifuged, and the pellet was washed with serum-free DMEM–F-12 medium. After two washes, the
tissue was spun down, and the pellet was pipetted up and down with a large-bore Pasteur pipette to
break the tissue clumps. The sample was left undisturbed to allow sedimentation of large clumps, and
the upper portion containing dissociated cells was retrieved. This procedure was repeated with a
medium-bore and a small-bore pipette, and the cell-containing portions were pooled. The pooled
fraction was filtered through a cell strainer (catalog no. 22363547; Fisherbrand), spun down, and washed
with serum-free DMEM–F-12 medium once. The cell pellet was resuspended in 4 ml of a 37% isotonic
Percoll solution and loaded on top of 4 ml of a 70% isotonic Percoll solution in a 15-ml conical tube. This
mixture was overlaid with 4 ml of a 30% isotonic Percoll solution and on its top with 2 ml of Hanks’
balanced salt solution (HBSS). The Percoll gradient was centrifuged at 300 � g at 18°C for 40 min. About
2.5 ml of the solution at the 70% to 37% interphase was collected, diluted with HBSS, and centrifuged.
The cell pellet was washed with HBSS three times and finally resuspended in HBSS for cell counting.

Preparation of brain slice culture and infection. Brain slices were prepared and cultured as
described previously (60). Briefly, 7-day-old mice were euthanized by decapitation, and brains were
isolated. Cerebrum was separated from cerebellum with a razor blade and glued onto the stage of a
vibrating microtome (model 5100mz; Campden Instruments Ltd., UK). The stage was placed in a bath
containing ice-cold slicing medium (minimal essential medium [MEM] [catalog no. 41500-018; Thermo
Fisher Scientific]–10 mg/ml glucose–1 mM HEPES [pH 7.2]). Eight 300-�m coronal sections with hip-
pocampus/thalamus were obtained. Four brain slices were placed in a 30-mm cell insert (Picmorg50;
Merck Millipore, Burlington, MA, USA). The cell insert was placed in a 35-mm culture dish containing
plating medium (neurobasal A medium [catalog no. 10888-022; Thermo Fisher Scientific] supplemented
with 1� B-27 [catalog no. 17504044; Thermo Fisher Scientific], 10% FBS, 10 mM HEPES, 600 �M
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GlutaMAX, 400 �M glutamine, 60 U/ml penicillin, 60 �g/ml streptomycin, and 6 U/ml nystatin). The
culture was maintained in a humidified incubator with 5% CO2 at 37°C. The medium was replaced with
one containing 5% FBS after 12 h and thereafter replaced with serum-free medium every 2 days. For
infection of the brain slice with EV71, 104 PFU of EV71-4643 in 20 �l was added to the surface of the brain
slice. For IL-4 or lipopolysaccharide (LPS) treatment, recombinant murine IL-4 (at a final concentration of
20 ng/ml) (catalog no. 214-14; PeproTech, NJ, USA) or LPS (at a final concentration of 5 ng/ml) (catalog
no. L4516; Sigma-Aldrich) was added to medium supplemented with 5% FBS in the brain slice-containing
dish for 12 h. For clodronate liposome treatment, clodronate liposome or phosphate-buffered saline
(PBS) liposome (control) (catalog no. CP-005-005; Liposoma, Amsterdam, Netherlands) was added at a
final concentration of 0.5 mg/ml to medium supplemented with 5% FBS in the brain slice-containing dish
for 48 h. After treatment, medium was exchanged for serum-free medium before viral infection.

Reverse transcription-quantitative PCR. Different tissues, brain slices, or microglia were homoge-
nized in TRIzol (Thermo Fisher Scientific, Waltham, MA, USA), and total RNA was extracted according to
the manufacturer’s protocol. cDNA was synthesized from total RNA using a RevertAid first-strand cDNA
synthesis kit (catalog no. K1622; Thermo Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer’s protocol. The cDNA sample was mixed with SsoFast EvaGreen supermix (catalog no. 172-5201;
Bio-Rad, Hercules, CA, USA) in a reaction volume of 10 �l. PCR was performed with the CFX96 Touch
real-time PCR detection system (Bio-Rad, Hercules, CA, USA). The primers used in this study are shown
in Table 1.

Statistical analyses. All statistical analyses were performed using GraphPad Prism 5 software
(GraphPad Software Inc., San Diego, CA, USA). Two-way analysis of variance (ANOVA) with Sidak’s
multiple-comparison test, two-tailed unpaired Student’s t test, a Kruskal-Wallis test with Dunn’s multiple-
comparison test, and a Mann-Whitney test were applied where appropriate. The log rank test was
applied to compare the survival rates of different groups of mice. A P value of �0.05 is considered
significant.
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TABLE 1 Primers used in this study

Primer Sequence (5=–3=) Reference or sourcea PrimerBank identification

BAC-F TTGTGGCTTAGCATCAGCAGC This study
BAC-R TCACCCTGCTCATTTCCCTCTG This study
m-GAPDH-F AGGTCGGTGTGAACGGATTTG PrimerBank 6679937a1
m-GAPDH-R TGTAGACCATGTAGTTGAGGTCA PrimerBank 6679937a1
m-Arg1-F CTCCAAGCCAAAGTCCTTAGAG PrimerBank 7106255a1
m-Arg1-R AGGAGCTGTCATTAGGGACATC PrimerBank 7106255a1
m-iNOS-F GTTCTCAGCCCAACAATACAAGA PrimerBank 6754872a1
m-iNOS-R GTGGACGGGTCGATGTCAC PrimerBank 6754872a1
m-Il1b-F GCAACTGTTCCTGAACTCAACT PrimerBank 6680415a1
m-Il1b-R ATCTTTTGGGGTCCGTCAACT PrimerBank 6680415a1
m-MCP1-F TTAAAAACCTGGATCGGAACCAA PrimerBank 6755430a1
m-MCP1-R GCATTAGCTTCAGATTTACGGGT PrimerBank 6755430a1
m-Cxcl10-F CCAAGTGCTGCCGTCATTTTC PrimerBank 10946576a1
m-Cxcl10-R GGCTCGCAGGGATGATTTCAA PrimerBank 10946576a1
m-CXCL9-F GGAGTTCGAGGAACCCTAGTG PrimerBank 162287427c1
m-CXCL9-R GGGATTTGTAGTGGATCGTGC PrimerBank 162287427c1
m-CD11b-F TACCGTCTACTACCCATCTGGC —b

m-CD11b-R TTGGTGAGCGGGTTCTGG —b

m-Ifng-F ATGAACGCTACACACTGCATC PrimerBank 33468859a1
m-Ifng-R CCATCCTTTTGCCAGTTCCTC PrimerBank 33468859a1
4643EV71 VP1_783F GATACCTCGCCCAATGCGTA This study
4643EV71 2A_006R TTTCCCGAGGGTGGTGATTG This study
aPrimerBank can be accessed at https://pga.mgh.harvard.edu/primerbank/index.html (61).
bThe sequences of the m-CD11b-F and m-CD11b-R primers were described previously (62).
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